Inefficiency of expression of luciferase reporter from transfected murine
HepG2 human hepatoma cells were transfected with the iuciferase reporter gene, linked with a liver-specific enhancer plus a minimal promoter, contained within either pBR/pUC or Moloney murine leukaemia virus (MMLV) proviral plasmid contexts. Reporter expression from the proviral plasmid was decreased 10-to 20fold, regardless of whether or not the orientation within the proviral DNA was appropriate for the use of the poly(A) signal in the 3' long terminal repeat (LTR), Efficient reporter expression was restored when the proviral transcription unit was provided with a simian virus 40 poly(A) signal. These results imply that the MMLV LTR poly(A) signal is inefficient. Therefore, strategies to maximize expression of internal transcription units from retroviral vectors should include the provision of an efficient (unidirectional) poly(A) signal (its requiring insertion in the reverse orientation to that of viral transcription).
In developing tissue-specific retroviral expression vectors we have begun investigating factors which influence the expression level of a transduced gene. We are using the firefly luciferase reporter gene (de Wet et al., 1987) for this purpose because of the high sensitivity with which luciferase can be assayed in extracts of mammalian cells (de Wet et al., 1987; Maxwell & Maxwell, 1988) . Liver-specific enhancer sequences have been identified within the immediate 5' flanking region of the human alpha-1 protease inhibitor (A1Pi; alpha-1 antitrypsin) gene (De Simone et al., 1987) . To assess the efficiency and specificity of these sequences we cloned DNA from nucleotides -356 to -37 into the luciferase expression plasmid pT81-LUC (Nordeen, 1988) , upstream of the minimal thymidine kinase (TK) promoter region, generating pPi-LUC2 (Fig. 1) . The TK promoter is truncated at nucleotide -81, resulting in negligible luciferase expression from pT8 I-LUC in most cell types, unless an enhancer is provided. We found that the A 1Pi enhancer directed efficient luciferase expression in transiently transfected HepG2 cells, although allowing only minimal expression in HeLa cells or fibroblasts (usually < 2% of the expression in HepG2; data not shown). To assess the potential use of this enhancerpromoter combination for controlling retrovirally transduced genes, the luciferase transcription unit was then inserted into the Moloney murine leukaemia virus (MMLV) proviral DNA in either orientation, with or without a poly(A) signal. Here, we describe the effects of these sequence contexts on the level of luciferase expression from the resulting plasmids, transiently transfected into HepG2 cells using electroporation.
Plasmid pSV2A-LUC ( Fig. 1) , previously designated pSV2A.L-A.A5' (de Wet et al., 1987) , was obtained from S. Subramani, pT81-LUC (Nordeen, 1988) was from S. Nordeen. pLNL-XHC (Bender et al., 1987) and pLNSX (Miller & Rosman, 1989) were gifts from D. Miller. pPi-LUC2 was made by inserting the BamHI-BgllI A1Pi enhancer-containing (De Simone et al., 1987) fragment (-37 to -356; isolated from a plasmid supplied by R. Cortese) into the BamHI site of pT81-LUC in the orientation opposite to its natural transcriptional orientation, pUC-Pi-LUC was made by first ligating the 319 bp A1Pi BamHI-BgllI enhancer fragment together with the 133 bp BamHI-BgllI minimal TK promoter (as used in the construction of pT81-LUC), followed by BamHI and BgllI digestions, and isolation of the 452 bp head-to-tail product of both fragments. This was then inserted into the BgllI site of pUC18.Bgl.Hind (Maxwell et al., 1989) and, finally, a BgllI-KpnI luciferase fragment from pJD207 (de Wet et al., 1987) was inserted between the corresponding sites, downstream of the TK promoter, pUC-Pi-LUC-A was made by inserting the BgllI-BamHI 250 bp fragment from pUC18. BgI.SVA (Maxwell et al., 1989) [containing simian virus 40 (SV40) early and late poly(A) signals] into the BamHI site of pUC-Pi-LUC downstream of luciferase, pUCPi-LUC-SA was made similarly, by inserting the BgllI-BamHI (Kadesch & Berg, 1986; Maxwell et al., 1989) . 5' and 3' LTR: LTRs of MMLV. pBR322 and pUCI8 plasmid sequences are represented by ( ---) and (...) respectively. On the right are shown values for iuciferase activity measured following transient transfection of HepG2 ceils with each plasmid. Results are expressed relative to pPi-LUC2, assigned the arbitrary value of 100. Absolute activities are given in Table 1. 850 bp fragment [containing the SV40 small t intron and poly(A) signals] from pSV2-327-fl-globin (Maxwell et al., 1986) into pUC-Pi-LUC, pLNL-LUC and pLNL-CUL were generated by inserting the 2.2kb A1Pi-TKluciferase HindIII fragment from pUC-Pi-LUC into the unique HindIII site of pLNL-XHC (Bender et al., 1987) in either orientation, pLNL-LUC-A and pLNL-A-CUL were made in the same way but using the 2.5 kb A1Pi-TK-luciferase-poly(A) HindIII fragment isolated from pUC-Pi-LUC-A, pLNX-LUC and pLNX-CUL were made by blunt-end ligation of the 2.2 kb A1Pi-TKluciferase HindIII fragment from pUC-Pi-LUC into pLNSX (Miller & Rosman, 1989) , after removal of the SV40 promoter from the latter with HindIII and BamHI and filling in all ends with Klenow DNA polymerase plus triphosphates. Transfection of HepG2 was by electroporation with a Bio-Rad Gene Pulser (250 p.F, 210 V) as described (Maxwell & Maxwell, 1988 ), using 5 p.g plasmid DNA (covalently closed circular form, in 5 gl water) with 100 btl cell suspension (in Opti-MEM plus 10% foetal bovine serum), in 0.4 cm cuvettes (Bio-Rad). Cell extracts prepared 14 to 17h following electroporation were assayed for luciferase as described (de Wet et al., 1987; Maxwell & Maxwell, 1988) .
As shown in Fig. 1 and Table 1 , luciferase expression from the proviral vectors, pLNL-or pLNX-, -LUC or -CUL, containing the enhancer-promoter-luciferase reporter unit in either orientation, was much lower than from the original plasmid construct, pPi-LUC2. Low expression from the reverse orientation constructs (pLNL-CUL and pLNX-CUL) was expected since these lacked a poly(A) signal for luciferase transcripts. However, in the other orientation (pLNL-LUC and pLNX-LUC), the poly(A) signal in the 3' long terminal To investigate the possible relevance of this intron to efficient luciferase expression we constructed plasmids pUC-Pi-LUC-SA and pUC-Pi-LUC-A (Fig. 1) containing, respectively, either the SV40 intron plus poly(A) signal or only the poly(A) signal, downstream of the enhancer-promoter-luciferase unit. HepG2 cells were transiently transfected with these plasmids, or with the corresponding plasmid lacking both intron and poly(A) signal (pUC-Pi-LUC). As shown in Fig. 1 and Table 1 , pUC-Pi-LUC-A and -SA both showed expression comparable with pPi-LUC2, whereas expression from pUC-Pi-LUC was approximately 10-fold lower. We conclude that the SV40 poly(A) signal in these plasmids is important for efficient luciferase expression, whereas the small t intron appears to be irrelevant. The absence of an intron was, therefore, unlikely to explain the low luciferase expression from the transfected proviral constructs.
To investigate the effect of adding a poly(A) signal to the proviral constructs, the luciferase transcription unit from pUC-Pi-LUC-A [enhancer-promoter-luciferasepoly(A) signal] was inserted into pLNL-XHC in either orientation, generating the plasmids pLNL-LUC-A and pLNL-A-CUL. As shown in Fig. 1 and Table 1 , when these plasmids were transfected into HepG2 cells, luciferase expression was approximately 10-fold higher than from the corresponding constructs lacking the SV40 poly(A) signal (pLNL-LUC and pLNL-CUL). Such increased expression from the reverse orientation construct was expected since pLNL-CUL lacked a known poly(A) signal for the luciferase transcription unit. However, the comparably increased expression seen from pLNL-LUC-A was surprising. This result suggests that the low luciferase expression seen from pLNL-LUC may result at least in part from inefficient use of the poly(A) signal in the 3' LTR for luciferase transcripts. It is interesting that, even when the SV40 poly(A) signal was provided, luciferase expression from the reverseoriented construct (pLNL-A-CUL) was two-to threefold lower than from the opposite orientation (pLNL-LUC-A) ( Fig. 1 and Table 1 ). This may be due to a suppressing effect on the internal transcription unit of viral transcription from the 5' LTR (Cone et al., 1987) . Such an antisense effect may prove useful in eliminating undesired basal expression of transduced genes under the control of tissue-specific or inducible regulatory elements.
The low level of luciferase expression from pLNL-LUC and pLNX-LUC probably cannot be entirely due to inefficient polyadenylation at the 3" LTR since these constructs showed even lower expression than pUC-Pi-LUC which lacks any poly(A) signal (Table 1) . Other factors influencing expression might include the relative sizes of the transfected plasmids and possible inhibitory effects of the flanking 5' and 3' LTRs (e.g. promoter occlusion; Kadesch & Berg, 1986; Temin, 1986) . Nevertheless, the strong stimulatory effect of the SV40 poly(A) signal in pLNL-LUC-A and pLNL-A-CUL points to polyadenylation as an important factor limiting expression from pLNL-LUC. The observation by Swain & Coffin (1989) of avian leukosis retroviral transcripts extending beyond the 3' LTR into cellular sequences is also consistent with inefficient use of the LTR poly(A) signal. Such inefficiency may be necessary, at least for certain retroviruses, to avoid premature polyadenylation of viral transcripts in the 5' LTR. On the other hand, Iwasaki & Temin (1990) concluded that the LTR poly(A) signal of spleen necrosis virus was used with high efficiency provided it was placed far enough from the initiation site of transcription in constructs, transiently transfected into a dog osteosarcoma cell line. Conceivably, the efficiency of the LTR poly(A) signal may vary considerably among different retroviruses and might also be influenced by cell-specific factors. Our observations strongly suggest inefficient polyadenylation at the MMLV LTR in HepG2 cells. These experiments employed transient transfection and it is possible that different results might be obtained on infection with recombinant virus generated from our constructs. For example, the use of flanking cellular poly(A) signals might allow higher reporter expression. However, such effects would presumably be strongly influenced by particular sites of integration, probably leading to variable levels of expression. Incorporation of a poly(A) signal in the transduced transcription unit may help minimize such variability.
Our results indicate that provision of an efficient internal poly(A) signal can substantially increase the expression of a transcription unit inserted within a retroviral provirus. However, use of this strategy in generating a recombinant transducing retrovirus may be restricted to reverse orientation constructs because of the inhibitory effect of an internal poly(A) signal in the viral orientation on accumulation of full-length viral RNA for packaging (reviewed by Temin, 1986) . Use of the reverse orientation should allow efficient polyadenylation of transcripts from an internal transcription unit without such interference. For this purpose, however, the construct pLNL-A-CUL, described above, will require further modification because of the bidirectional poly(A) signals present in the SV40 DNA fragment that was included (nucleotides 2534 to 2774; Buchman et al., 1981) . We are currently exploring the above strategy for generating transducing viruses showing efficient tissuespecific expression, using constructs modified from those described here to contain an internal poly(A) signal which is unidirectional.
